Periodically poled flux-grown KTiOPO 4 was used for efficient extracavity 1064-nm Nd:YAG laser frequency doubling. A conversion efficiency exceeding 65% was obtained in Q-switched operation, and 1.34 W of average frequency-doubled power was generated with 2.2 W of mode-locked laser output. The conversion efficiency is approximately two times higher for periodically poled KTP than for conventional type II phase-matched KTP. The measurements indicate that periodically poled KTP is less susceptible to optical damage than type II KTP.
Introduction
Frequency doubling of low-and medium-power Nd: YAG lasers offers the possibility of building compact all-solid-state green laser sources, delivering as much as several watts of second-harmonic ͑SH͒ power. Intracavity frequency doubling has been used extensively for medium-power green lasers. This approach takes advantage of high circulating fundamental power inside the cavity. A laser with an intracavity frequency-doubling element has to be designed carefully to obtain stable operation. The so-called green problem has been solved in several cases by the insertion of an additional intracavity polarizing element and an etalon, 1 by frequency doubling a highly multilongitudinal-mode intracavity field, 2 or by the adjustment of the phases of the SH and the sum-frequency fields so that they cancel each other in the nonlinear crystal by controlling laser cavity dispersion. 3 Generally, high conversion efficiency is not desirable for intracavity doubling because it introduces nonlinear losses to the cavity and causes laser instabilities.
Resonantly enhanced frequency doubling in an external cavity is an alternative to the intracavity doubling schemes. A high conversion efficiency of 55% has been achieved in a ring cavity configuration, employing periodically poled KTiOPO 4 ͑PP KTP͒ with only 225 mW of pump power. 4 However, this approach requires external cavity impedance matching and active control of the external cavity length; this latter requirement makes the whole system rather complex.
Extracavity frequency doubling by nonlinear optical crystals with highly effective nonlinearity can be a practical alternative to the above, more complex, arrangements. Materials, such as PP LiNbO 3 ͑LN͒ and KTP offer the possibility for noncritical phase matching over the transparency range for the largest nonlinear coefficient, d 33 , of the crystals. A 42% single-pass 1064-nm cw Nd:YAG frequency-doubling efficiency has been demonstrated in a 53-mm-long PP LN crystal. 5 In a single-pass scheme the fundamental beam focusing should be carefully optimized to achieve high conversion efficiency. 6 Periodic poling of bulk KTP has been developed rapidly 7, 8 since its first demonstration 9 as an alternative material to the better established PP LN technology. KTP has a number of advantages over LN. First, the coercive electric field of the KTP is approximately 1 order of magnitude lower than in LN, which makes it easier to pole thicker samples and to fabricate quasi-phase-matched ͑QPM͒ gratings with finer pitches. Second, the highly anisotropic crystalline structure effectively prevents lateral growth of the inverted ferroelectric domains and facilitates consistent fabrication of QPM gratings with 50% duty cycles. Also, PP KTP can be operated at room temperature without substantial photorefractive ef- fects, compared with PP LN, which must be kept at elevated temperatures, and a frequency-doubling efficiency of 64% was recently demonstrated in a 10-mm-long bulk PP KTP crystal with a high-power pulsed Nd:YAG laser. 8 
Poling of KTP Crystals
We used 8-mm-long, 5-mm-wide, and 1-mm-thick flux-grown c-cut KTP crystals. Single-domain structure of the crystals was verified by measuring the sign of a piezoelectric effect across the wide surface of the crystals ͑perpendicular to the c axis͒. The conductivity of undoped flux-grown KTP crystals is rather high ͑10 Ϫ6 S͞cm͒ and inhibits straightforward application of high voltage across the samples. 7 To reduce the ionic conductivity, the samples were ion exchanged in a RbNO 3 melt at 350°C for 3.5 h. 7 The mobility of rubidium ions is much lower than that of potassium in a KTP lattice. As a result of the ion exchange, a highly resistive surface layer is created. The crystals were then patterned with a photoresist grating with a nominal 50% duty cycle by use of standard photolithographic techniques. A grating period of 9.01 m was chosen to frequency-double 1064-nm Nd:YAG laser radiation utilizing the d 33 nonlinear component. The backside of the crystal was coated with an aluminum film. A saturated KCl solution was used to make contact between the electrical cables and the sample for application of high-voltage poling pulses across the samples. Typically, the samples were poled with four 6-ms-long pulses at 2.3 kV. The quality of the QPM grating was checked by selectively etching several prepared crystals in KOH and KNO 3 solution, to reveal the inverted ferroelectric domain structure. Inspection of the crystals under a microscope revealed the QPM structures with 50% duty cycle without discernible ferroelectric domain spreading. The poling procedure outlined above allowed us to fabricate bulk QPM structures in up to 3-mm-thick KTP substrates.
Experimental Results and Discussion
The PP KTP samples were first characterized by using a cw Nd:YAG laser ͑Quantronix 114͒. The laser mode was pure TEM 00 and the output beam was nearly diffraction-limited. The PP KTP crystal was mounted on a heat sink whose temperature was controlled by a thermoelectric cooler. The polarization of the fundamental beam was parallel to the c axis of the KTP crystal. A ͞2 plate-polarizer arrangement was used to control the fundamental beam intensity. The SH and the fundamental beams were spatially separated after the PP KTP and measured with calibrated powermeters.
First, we measured the SH power dependence on the PP KTP temperature. The laser beam was focused by an f ϭ 200-mm lens to a beam radius in the crystal of approximately 44 m. The loose focusing ensured approximately constant phase-matching conditions throughout the crystal. A typical temperature scan is shown in Fig. 1 . The solid curve represents a theoretical sinc 2 function fit to the experimental data. An excellent fit, including the sidelobes, confirms the high quality of the QPM structure. From the measured FWHM temperature bandwidth ⌬T ϭ 6.1°C for this sample ͑G9͒, we can estimate an effective nonlinear interaction length, L eff ϭ 7.7 mm, by using
where 1 is the fundamental wavelength in vacuum, ␣ is the thermal expansion coefficient, and the temperature derivatives of the refractive indices, ‫ץ‬n 1 ͞‫ץ‬T and ‫ץ‬n 2 ͞‫ץ‬T, at the fundamental and SH wavelengths, respectively, are calculated at the phase-matching temperature T 0 by use of the equations in Ref. 10 . The measured L eff is close to the 8-mm physical length of the crystal. For the frequency conversion efficiency measurements, an f ϭ 100-mm focusing lens was used. The fundamental beam was focused to the waist radius of 16 m. This corresponds to the ratio of the effective nonlinear crystal length L eff to the confocal parameter b ϭ 2w 0 2 n 1 ͞ 1 equal to 2.71, which is close to the optimum value of 2.84 ͑Ref. 6͒. Here w 0 is the fundamental beam waist radius in the crystal.
The measurement results for the cw experiments in several samples, fabricated with identical lithography and poling procedures, are summarized in Table 1. A maximum green output power of 81 mW was measured at 2.45 W of fundamental power in sample G9, corresponding to a conversion efficiency of 3.3% and a normalized conversion efficiency of Fig. 1 . SH intensity as a function of PP KTP temperature: points, experiment; solid curve, sinc 2 function fit. Table 1 are mostly related to the varying quality of the KTP substrates. Up to the maximum available fundamental power of 2.45 W, we did not observe any absorption-and heating-related decline from the linear dependence of the conversion efficiency on the fundamental power in any of the samples. The frequency-doubling efficiency at higher fundamental powers was measured with a mode-locked Nd:YAG laser ͑Quantronix 116͒. The laser generated 100-ps-long optical pulses at a 100-MHz repetition rate. The fundamental beam was focused by an f ϭ 150-mm lens down to a waist radius in the PP KTP crystal of 22 m. This beam waist was chosen as a compromise between optimum focusing and the requirement to keep the optical fluencies below the damage threshold.
The measured dependence of the SH average power on the average fundamental power is shown in Fig. 2 . A maximum SH average power of 1.34 W was generated by frequency doubling 2.13 W of the Nd:YAG output. Also in Fig. 2 we show the experimental and theoretical frequency-doubling efficiencies as a function of the fundamental average power. The theoretical curve was calculated by using the effective nonlinear coefficient obtained from lowpower cw frequency-doubling measurements. Only fundamental beam depletion has been taken into account. The maximum frequency-doubling efficiency of 63% was measured for the mode-locked Nd:YAG laser. The efficiency saturation was due mainly to the fundamental beam depletion, as can be seen from comparison of the experimental and the theoretical curves, although at the highest fundamental powers the SH absorption and PP KTP heating effects were observed. The fundamental peak intensity at the maximum output power was approximately 26.9 MW͞cm 2 whereas the SH peak optical fluence was approximately 33.8 MW͞cm
2
. At these intensities, the crystal temperature had to be adjusted slightly by approximately 2°C in order to get the maximum conversion efficiency.
The Q-switched Nd:YAG pulses were used to reach even higher peak powers. The laser generated 220-ns pulses at a 1.2-kHz repetition rate. The PP KTP sample G7 with an effective interaction length of 6.7 mm was used for these measurements. The fundamental beam waist radius in the PP KTP crystal was 25 m.
The frequency conversion efficiency, normalized to the nonlinear crystal length, as a function of the fundamental peak intensity is shown in Fig. 3 . In Fig.  3 we also show the measured normalized frequencydoubling efficiency for conventional type II KTP. The length of this crystal was 7 mm, and the focusing conditions were the same as for the PP KTP crystal. The solid curves represent the results of the theoretical calculations that were performed in the same manner as in Fig. 2 . The values of the effective nonlinear coefficients, d eff in the theoretical calculations, were obtained from the measurements of the cw frequency-doubling efficiency at low fundamental powers, where the efficiency is a linear function of the fundamental power. We obtained a maximum frequency-doubling efficiency of 66% for the PP KTP and 38% for the conventional type II KTP. The normalized frequency-doubling efficiency is approximately two times higher for the PP KTP. The optical damage occurred at the fundamental peak intensity of 71 MW͞cm 2 ͑SH peak intensity of 89 MW͞cm 2 ͒ for the PP KTP, whereas for the conventional KTP it was approximately 41 MW͞cm 2 . This result is in qualitative agreement with the higher damage threshold values observed in PP LN compared with single-domain LN. 11 There are several reasons for the discrepancies between the experimental and the theoretical dependencies at higher fundamental powers as shown in Fig. 2 . Measured SH average power ͑OE͒ and frequencyconversion efficiency ͑F͒ dependence on the average fundamental power for a mode-locked Nd:YAG laser. Solid curve, theoretical frequency-doubling efficiency that was calculated by taking the fundamental beam depletion into account. Fig. 3 . Frequency-doubling efficiency normalized to the nonlinear crystal length as a function of the fundamental beam peak intensity: points, experiment; solid curves, calculations. Fig. 3 . One is heating the nonlinear crystal by the absorbed SH power. It should be noted that the heating effect has clearly been observed during our measurements, and the PP KTP temperature had to be adjusted by a few degrees celsius to obtain a maximum SH power at the fundamental intensities where the conversion efficiency saturates. It is possible that other effects take place at the same time, such as a nonlinear multiphoton absorption and induced absorption that is due to created color centers. Currently, we are investigating the possible physical mechanism behind the strong saturation of the frequency-doubling efficiency in the flux-grown PP KTP crystals.
In order to test the SH generation possibilities at higher Q-switched pulse energies, we used an f ϭ 200-mm lens to focus the fundamental beam to a 67-m waist radius in the crystal. The SH pulse energy, as a function of the fundamental pulse energy, is shown in Fig. 4 . SH pulses with an energy of 0.4 mJ were generated at a 1.2-kHz repetition rate from 0.72-mJ, 220-ns fundamental pulses. The corresponding SH peak power was approximately 1.8 kW. The conversion efficiency in this case reached 55%. The peak fundamental intensity at this point was approximately 49 MW͞cm 2 , leaving some margin to obtain still higher SH pulse energies with a conversion efficiency close to 60%. On the other hand, the 1-mm-thick PP KTP allows even higher energies to be generated by using stronger lasers and looser focusing.
Conclusions
In conclusion, we have demonstrated that conversion efficiencies exceeding 65% can be achieved by frequency doubling a Nd:YAG laser output signal at 1064 nm with flux-grown PP KTP crystals with a typical interaction length of 7 mm. The poling technique that we employed allows repeatable and wellcontrolled fabrication of bulk QPM structures having 1-mm thickness. Our current experiments show that 3-mm-thick QPM structures could be fabricated in flux-grown KTP. The PP KTP with larger apertures can be used for higher pulse energy generation in second harmonics by keeping beam intensities below damage threshold. We observed that, at high fundamental intensities, the frequency-doubling efficiency saturates stronger than expected from the fundamental beam depletion only. We believe that this stronger efficiency saturation arises from additional intensity-dependent loss mechanisms, such as QPM detuning by temperature gradients produced by the absorption of the SH signal. We are currently investigating physical mechanisms behind this strong efficiency saturation. Nevertheless, the frequencydoubling efficiency in PP KTP is approximately two times higher than in conventional type II KTP crystals. Optical damage threshold occurred at the fundamental intensity of 71 MW͞cm 2 for the Q-switched Nd:YAG laser generating 220-ns pulses at a 1.2-kHz repetition rate. This damage threshold is higher than that observed in a conventional type II KTP frequency doubler. Our results indicate that, by careful choice of the focusing conditions, flux-grown bulk PP KTP can be used as a highly efficient extracavity frequency doubler at 1064 nm.
